The following observations and experiments on regeneration in Asterias vulgaris are a continuation of those recorded in a previous paper (8). They were carried on during the summers of 1898 and 1899 while I was occupying the Bryn Mawr College room in the Marine Biological Laboratory at Woods Holl, Mass.
During the summer of 1897, 67 or 10.37O/o of the 646 star-fish examined as they. were brought in from the ocean were forming new arms from the disc. Adding this number to that of the later records, it is found that out of a total of 1914 star-fish, 206 or 10.76% were regenerating under natural conditions. :New arms were growing out from the disc in every case except one in which a small lateral piece near the tip of an arm had been lost and the missing part was being replaced by new tissue. These observations show that under natural conditions as a rule a star-fish discards an injured arm and regenerates a new one from the disc; only in exceptional cases is a star-fish found in which the distal part of the arm is being regenerated.
Arehiv f. Entwickelungsmechanik. IX. 47 Experiments show that the rate of regeneration of an arm is most rapid from the disc and diminishes towards the distal end. This may be due to a greater supply of food in the disc; or, perhaps, to;the fact that when an entire arm is removed the injured surface is covered over completely in a few moments by a sliding of the aboral body wall over the exposed s~lrface, producing conditions which are favorable to rapid regeneration. When only a part of the arm is removed, the cut surface is exposed for several days until new tissue is formed at the place of injury, and to this may doubtless be attributed the fact that regeneration is slower than in the previous case. The more rapid growth fi'om the disc would hardly seem to compensate for the loss of an entire arm. Experiments show that an arm from which the tip has been removed either by a transverse or an oblique cut can be of use to the animal in a comparatively short time --a new eye-spot is formed at the cut end in about one week --while the regeneration of an arm from the disc, even one-bali the size of a normal arm, requires at least two months.
II.
Single arms of Asterias vulgaris cut off close to the disc do not have the power to regenerate the disc, although this power is found in many other species of star-fish according to I-IAECKEL (6), SARS (t6), SARASIN (16), and yon ~[ARTENS (9). The arms of Asterias vulgaris show a wonderful vitality, however, as they sometimes live for three weeks, although they can take in no food. To ascertain if the removal of the digestive coeca makes any difference in the length of life of these separate arms, the following experiment was made. Forty arms cut off close to the disc were put into a jar supplied with running sea water, and an equal number of arms from which the coeca had been removed by small forceps were put in another jar also supplied with running water. The two jars were placed side by side and the two sets of arms were kept under exactly similar conditions. No difference whatever could be detected in the behavior of the arms. Those lacking the eoeea moved around as actively as did the others, and several individuals in each set lived for eighteen days. The cut edges of these arms drew together after three or four days, but there was no healing over of the injured surface or any regeneration of new tissue. That these arms live some time after being cut otiS, as does the tail of a tadpole according to BORN (3), shows that the part is ,sufficiently independent in its functions to be self sustaining, but whether it regenerates depends on other properties~ (MORGAN).
Further experiments were made to ascertain if possible, just how much of the disc must be present in order that a regeneration of the rest of the disc can occur. Out of 175 cases in which single arms had less than one-fifth of the disc attached to them~ not one arm lived longer than three weeks. The result was the same whether the part of the disc remaining was directl:r in front of the arm or at one side of it.
On Aug. 4, 1898, 100 arms were cut off, each having attached to it only as much of the disc as contained the madreporite and the stone canal, this being much less than one-fifth of the entire disc. 25 arms were living at the end of three weeks. On Oct. 6, all were dead but one. In this case Fig. 1 . (Fig. 1) , the single arm was 23 ram. long. The small wedge shaped piece of the disc containing the madreporite had regenerated the rest of the disc with three new arms each 8 mm. long. On examination, it was found that a digestive tract had formed in the disc and that the regenerating arms contained coeca.
It is evident from these results that, if a sufficiently large number of experiments are made, it ispossible to obtain a regeneration of the disc and new arms from a single arm with less thafl one-fifth of the disc. That the one experiment succeeded in which the portion of the disc attached to the arm included the madreporite may have been purely accidental; for if a very large 9 number of experiments were made it might be possible to obtain a regeneration of the disc from an arm with a very small piece from any other part of the disc. On the other hand, the region including the madreporite may have a greater power of regeneration than the rest of the disc, and to this, perhaps, may be due the success of the experiment in which the madreporite was retained.
The failure of an arm alone to regenerate the rest of the animal cannot be due to the smallness of the piece, as an arm contains much more material than the disc alone. The latter, if all the arms be removed, will reproduce all the missing members and form a complete individual, as NELSON (12) has observed and as I 47* have found true from experiment. One-half of the disc alone does not restore the missing parts, although the experiment has been tried 160 times. The pieces often live for several days but there is never any formation of new tissue. This result is probably due to the great extent of cut surface, rather than to the smallness of the piece. In experimenting on Planarians, MORGAS (11) found that a small piece from any part of the body except the pharynx will regenerate the whole animal. The pharynx alone always dies in the course of several hours. After noting this fact, Mol~GX~ adds: ,)It is probably true that the more specialized a part becomes, the more dependent it is on the rest of the body for certain necessities for its existence, and when removed is unable to exist independently for any length of time., The failure of single arms of Asterias vulgaris to regenerate the rest of the animal might well be explained on the above hypothesis if we had any positive g~'ounds for ass~rtii~g that the arms are more highly specialized than the disc.
III.
If a cut be made across the disc from the point ot~ intersection of two arms to the mouth, regeneration is comparatively slow. Previous observations showed that six weeks after such an operation the wounded surfaces have healed Fig. 2 .
over completely, but no new tissue is formed. On Aug. 6, 1898, the operation was repeated on 50 starfish. At the end of three' months 33 animals were still living. In 31 of these the wound had healed entirely, a more darkly pigmented streak across the disc showing where the cut had been made. In the two other cases, however, entirely different results were obtained. In one star-fish (Fig. 2) , two new arms were regenerating from the cut in the disc; in the other there was but one new arm. The regenerating arms wer.e apparently normal in every respect, each having an eye-spot, four rows of ambulacral feet and digestive coeca. Star-fish with an extra number of arms are sometimes found in nature. On June .18, 1899, amongthe 182 star-fish examined, was one ( Fig. 3) with seven fully formed arms symmetrically placed on the disc. Two of the arms (Fig. 3 A,B) were smaller and more deeply pigmented than the others, showing plainly that they had been produced from an injury to the disc. The stimulus which caused their growth --whatever its nature --was undoubtedly similar to that which produced the extra arms in the experiments above recorded. In WEIS~IASX'S essay on ,,The Significance of Sexual Reproduction~ he states: ,,We do not know the causes which have been in operation when a flower possesses one petal more than the usual number, any more than we can explain why it is that one star-fish has five and another six rays .... But we can nevertheless maintain in a general way that such irregularities are the result of this complex struggle between the germ-plasms in the ovum and the idioplasms in the subsequent stages of the developing organism, and that they are not the result of external infiuenees.r Egg variations among star-fish by which an abnormal number of rays are produced undoubtedly may occur; but, X ~ as far as I am aware, no one has reared such abnormal forms from the egg. It seems to me to be somewhat unwarranted, therefore, to explain the abnormalities found in nature as the result of congenital variations when their previous history is not known. If the star-fish shown in Fig. 3 had been returned to its natural environment the extra arms would undoubtedly have grown to the size of the other arms, and it would be absolutely impossible to determine whether they had been produced by an injury to the disc or whether they were due to egg variation. RAND (13) has found in Hydra that, ,In the case where an excess of oral tentacles was produced during the growth period, the error was promptly righted by a degeneration of two oral tentacles, leaving a normal number~. Such a degeneration of extra members does not occur in Asterias vulgaris, and even the small pieces of the arms that have purposely been left attached to the larger parts in various experiments (Figs. 10, 12, 13, 14) are not discarded by the animal nor do they degenerate in the course of several months at least.
WEISMA~N might, perhaps, explain the growth of the extra rays fi'om the cut in the disc as due to the fact that ,~excessive local nutrition has caused the group of determinants in question to become doubled,,. If so, what causes excessive local nutrition in The animals in question were all kept in the same place and therefore under the same external conditions. RAND'S view that the production of extra tentacles in Hydra is due to ,,an accidental effect of the stimulus which must always be present at this period,c, hardly seems a satisfactorily explanation of the phenomenon in Asterias vulgaris. BARFURTH (2), in experimenting on the regeneratipn of the limbs of Axolotl, found that in some cases he obtained a regeneration of five fingers on the hand instead of the normal number four. He explains this result thus: ~Die verh~tltnismfigig hliufige Regeneration einer fiinffingerigen Hand beim Axolotl ist ein RUcksehlag auf die urspriinglich normalcr Weise ftinffingerige Itand der Amphibien.,< Accepting this view we would be justified in concluding from one of the above experiments that the ancestor of Asterias vul~aris possessed seven arms; from a second experiment that six was the ancestral number of arms; while the result of the great majority of experiments would seem to show that this species has retained the original number of arms throughout the whole course of its evolution! Experiments made by cutting longitudinally thl"ough the middle of an arm to the mouth produced no satisfactorily results. The injured arms were thrown off at once or in the course of two or three days and the cut in the disc healed, only one new arm regenerating. In 35 experiments, two arms were removed at the base and then a cut made across the disc to the mouth. The object of these experiments being" to ascertain if a more extensive injury would give a stimulus to tim production of extra arms in a greater number of cases. The result was disappointing', as in all cases the wound closed and only two arms were regenerated in place of those removed.
IV.
Previous experiments showed that if the madreporite be removed from the disc it will regenerate in its normal position in the course of two months. To ascertain if the madreporite has a fixed position Fig. 5 . Fig. 7 . Fig. 6 . in the disc, two arms with less than one-half the disc were cut from 124 star-fish as shown in Fig. 4 AB. Four months after the operation all but six of the animals were dead. Three of these were regenerating but had not yet formed a complete disc with the madreporite. In one case, the madreporite had regenerated in its previous position. In the other two cases, regeneration was taking place as shown in Figs. 5 and 6. In Fig. 5 a complete disc with three new arms has regenerated and the madreporite is on the opposite side of the disc fl'om the position it occupied in the animal operated upon. Regeneration has not been as rapid in Fig. 6 as in the previous case. Only two new arms have regenerated from the disc, and as there is no way of determining where the third arm would have come in, it is impossible to say whether the madreporite has shifted its position or not. Great care was taken in all these experiments to remove the same pair of arms in each case, and the result obtained in Fig. 5 shows conclusively that the position of the madreporite is a variable one and does not depend on some polarity in the disc.
V~
If the tip of a star-fish arm be removed by a transverse cut and the arm split a short distance through the middle as in Fig. 4 , C D E, two new tips may be formed (Fig. 8) as when a similar cut is made through the arm without removing the tip; or only one new tip may regenerate in the middle line (Fig. 9) . Similar experiments have been made on other animals. VAN DUYNE (5) has found that if the head of a P.lanarian be cut off and the body then split a short distance in the middle line, two new heads are formed in some cases, while in others the parts grow together or new material is formed between them and only one new head regenerates. DI~IESCIt (4) made a longitudinal cut in a hydroid stem from which the hydranth had been removed. He obtained two new hydranths from the cut ends, each hydranth, however, had a fewer number of tentacles than the individual hydranth removed. If the distal end of a star-fish arm be removed and a Iong'itudinal cut made through the arm at one side of the middle line, a new tip forms on the larger part which also completes itself laterally (Fig. 10) , while the smaller piece, although it remains attached to the arm and heals over, does not regenerate. In 25 cases, after removing the tip of an arm, a longitudinal cut was made on each side of the middle line to see if three new tips would regenerate from the transversely cut surfaces. In all of these experiments, however, the middle part alone regenerated, a new tip being formed in line with the axis of the arm (Fig. 11) .
In another set of experiments, the distal end of an arm was cut off transversely in 15 cases and then a section removed as in Fig. 4 , FVG. Two different results were obtained. In three cases a new tip formed in the middle line (Fig. 12) , the lateral pieces healing over .but not taking any part in the regeneration. In the remaining cases, regeneration occured as in Fig. 13 . The new tip was formed in connection with one of the lateral pieces, the other remaining free. In varying this experiment, sections of the arms were removed as before and then the longitudinal cuts were extended some distance (Fig. 4 HI) . It was expected that a new tip would grow out from the cut surface at V; but in all of the S experiments made, regeneration occured as in Fig. 14 , a new tip being formed from the middle line in connection with only one of the lateral pieces.
In 39 cases, the tip of an arm was cut off transversely and then a section of the arm removed as in Fig. 4 JKLJE, to ascertain if two new tips would form fl'om the transversely cut surfaces JK and ML. In no case, however was such a result obtained. A new tip always formed at the end of the longer piece, and lateral regeneration completely restored the arm to its normal form (Fig. 15) .
In former experiments, it was found that if a portion of an arm be removed by an oblique cut, the regenerating tip is at first at right angles to the cut surface and later swings around in line with the rest of the arm. BARFURTtI (1), MORGAST (10) and HESCHELER (7) have met with the same phenomenon in experimenting on other forms. If the tip of a star-fish arm be removed by two oblique cuts, but one new tip regenerates and it is always in line with the rest if the arm (Fig. 16) . RANDOLPH (14) , in experimenting on Planarians, found that only one new head is formed when the anterior end of the worm is removed by two oblique cuts, although two new heads are formed if a longitudinal cut be made through the anterior part of the animal. In 56 experiments, the distal end of an arm was removed by an oblique cut and the arm then split longitudinally as in Fig. 4 NOP, to see if two new tips would regenerate from the obliquely cut surfaces, as is sometimes the result when a tip is cut Fig. 14.  Fig'. 15. Fig. 16 . Fig. 17 . Fig. 18 . Fig. 19 .
off by an transverse cut and the arm then split longitudinally in the middle line (Fig. 8) . In every case only one new tip regenerated and that always in llne with the rest of the arm, whether the longitudinal cut was made through the middle of the arm or at one side. When two longitudinal cuts were made the result was the same (Fig. 17) . Oblique cuts made as in Fig. 4 RST, also failed to produce two new tips, regeneration in every case taking place as shown in Fig. 18 . In varying these experiments, a tip was removed by a transverse cut and then a section of the arm removed by making a longitudinal cut through the middle line and an oblique cut near the disc. Only one tip regenerated (Fig. 19 ) and this was not in line with the rest of the arm but nearly at right angles to the longitudinally cut surface. In other expcriments~ wedge-shaped~ semi-circular or rectangular pieces were cut from the sides of the arms at varying distances from the disc and in every case the missing part was completely restored, the arm appearing perfectly normal save for the darker pigmentation of the regenerated tissue. In similar experiments previously recorded, no regeneration of new tissue was found to take place in the course of two months, the wounded surface was healed over and the arm bent towards the injured side. These former experiments had not extended over a sufficiently long period for regeneration to take place, as lateral regeneration is always much slower than distal regeneration. If the animals live four months after the operation the missing parts are completely restored. If sharp cuts be made on each side of an arm extending nearly to the middle line, no part of the arm being removed, the wounds heal completely and the normal shape of the arm is restored; the same result occurs if a portion if the upper or under surface of an t~rm be removed. In 7 experiments, a long narrow piece was cut from the dorsal surface of an arm and the missing portion was regenerated in the course of three months (Fig. 7) .
In but very few of these experiments were the injured arms discarded by the animal. In fact, mutilation must be very extensive or some injurious substance injected into an arm before these small star-fish will voluntarily throw off an injured member at its junction with the disc. WEIS~A~ (IS) states in his >>Germ-plasm~ that: >>The restoration of a part which possesses the power of regeneration in a high degree, can only take place as a result of definite injuries which are definitely provided for and not from any kind of injury., It hardly seems possible that mutilations of the kind above recorded ever take place in nature, yet regeneration occurs in these cases just as readily and completely as in any other. In would seem~ therefore, that in Asterias vulgaris at least, the capacity for regeneration is a general property of the organism and not a phenomenon of adaptation.
In conclusion, I wish to express my thanks to Professor T. H. MOr~GAS who has directed my investigations and kindly assisted me in my work.
Summary.
1. Out of a total of 1914 star-fish examined, 206 or 10.76o/o were regenerating under natural conditions. One or more arms were growing out from the disc in all cases excepting one in which the distal portion of an arm was being restored.
2. Single arms of Asterias vulgaris live from two to three weeks whether the digestive coeca be removed or not. They are not able to regenerate the rest of the animal.
3. If a piece of the disc containing only the madreporite and the stone canal remains attached to an arm, regeneration of the missing parts occurs in exceptional cases.
4. The disc alone will regenerate all of the missing arms. Onehalf of the disc does not regenerate owing, doubtless, to the great extent of cut surface.
5. If a vertical cut be made across the disc from the intersection of two arms to the mouth, one or two extra arms grow out from the wound in the disc in a small per cent of the experiments.
In a great majority of cases the cut edges come together and unite completely, no extra arms being formed.
6. The madreporite has no fixed position in the new disc.
7:
If the arms of Asterias vulgaris are mutilated by cutting wedge-shaped, semi-circular or rectangular pieces from tlJ~m, the missing parts are regenerated and the normal shape of the arms is completely restored in the course of three months.
Bryn Mawr College, Bryn Mawr, Pa., December 18, 1899.
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